stream, and overland flow from manured impervious areas such as barnyards. It is important to recognize that
are also important (Kleinman et al., 2002; Sharpley and Tunney, 2000) . Recently applied manure, in particular, can produce high concentrations of TDP in overland P hosphorus loading to surface waters is an issue flow, overwhelming the effect of STP (Kleinman et al., of environmental concern, because excess P can ac-2002; Sharpley et al., 2000) . In addition, significant loads celerate the growth of undesirable algae, causing eutroof particulate phosphorus (PP) can originate in areas phication, which can lead to problems for fish, recreaprone to erosion. The concentration of total suspended tion, and drinking water supplies (Correll, 1998; Sharpley solids (TSS) in overland flow is largely determined by and Rekolainen, 1997). Whole-farm nutrient managesoil texture, infiltration rate, rainfall intensity, slope, and ment planning (Porter et al., 1997) and the use of a fieldground cover (Renard et al., 1997) , and sediment eroded specific P index (e.g., Gburek et al., 2000; Ketterings et al., from a high STP soil will contribute a greater quantity 2001; Sharpley et al., 2001 ) are tools that have been deof PP per quantity of TSS (Sharpley and Smith, 1991) . veloped to reduce P loading from farms. In the New York Although controls on P losses in overland flow from agriCity watershed, management of agricultural P-loading cultural fields are now generally understood, some imsource areas has been addressed through the developportant challenges remain. In particular, the relative imment of best management practices designed to reduce portance of P contributions from nonfield areas such stream water loading of nutrients and pathogens, impleas barnyards, stream crossings, and cow paths is poorly mented on collaborating farms using a Whole Farm Planunderstood, especially with respect to seasonal differning process (Delaware County Department of Waterences in the hydrological cycle. shed Affairs, 2002) . Improved management practices are Ideally, an accurate simulation of P loading from the often designed to limit manure spreading on hydrologiwhole-farm landscape could be derived from spatially excally active areas, manure deposition adjacent to or in the plicit characterization of fields, nonfield P-loading problem areas, and nonfield sources of low-P runoff, in the context of farm operations and in conjunction with dis- runoff (Sharpley et al., 1996; . The rain- The objectives of this study were to (i) characterize positions throughout the farm watershed ( Fig. 1) , at sites se-P contributions from apparent P loading problem areas lected to evaluate potentially different source area types for such as a near-stream heifer barnyard, (ii) assess the rel-P loading. Site selection was biased toward flow-producing ative importance of P losses from sites throughout the areas. Site codes and characteristics are listed in Table 1 (Effler and Bader, 1998) . Since 1993 proximately 1 wk after the first hay cut was completed. Secondthe farm has, along with a nearby nonfarm site, been the subday sampling represented wetter soil conditions more typical ject of a paired-watershed monitoring experiment evaluatof winter-season precipitation events. Previous natural rainfall ing the success of agricultural best management practices for on the farm watershed included 1.3 and 16 mm falling on 23 P load reduction (Bishop et al., 2003) . Improved infrastructure and 24 June, and 6.4 and 3 mm falling on 11 and 13 July. and improved nutrient management practices, adopted by the farm in 1995, reduced event-based loading of TDP by 49% in Sample Collection and Analysis the summer months, and by 43% overall (Hively and Stedinger, 2003) . The extensive stream quality dataset and detailed manAt each of the nine sampling sites, steel frames were used to define two adjacent plots (A and B), each 1 m wide by 2 m agement records available for this farm provide an ideal context for whole-farm simulation of P loading processes, based on long. The frames were driven into the ground to a depth of 8 cm, and were caulked to prevent water flow around the edges. spatially explicit parameterization of P loss coefficients throughout the watershed and distributed simulation of runoff proThey were placed such that surface overland flow flowed into covered collection gutters at the down-slope edge of each plot. duction (Gé rard-Marchant et al., 2003) . The 160-ha watershed encompassing the study farm is 53% forest, 13% unimproved After plot frames were installed, the plot slope was measured with a transit level. Any tall vegetation within the plots was pasture, 25% improved pasture/hay, 7% tilled crop rotation, and 2% impermeable surface. Deciduous forest dominates the trimmed to a maximum height of 10 cm (necessary only on SHP), with clippings removed from the plot. Percent ground upper slopes of the watershed, pasture is concentrated in the midslope areas, and intensively managed agricultural fields cover for each plot was estimated by visual inspection (Mueller-Dombois and Ellenberg, 1974, p. 80-90) . The USDA-ARS are located in the valley bottom (Fig. 1) . The farm maintains approximately 85 milking cows and 30 replacement heifers, National Phosphorus Project portable rainfall simulator used in this study provides a consistent, standardized, in-field method and produces roughly 2700 Mg of manure annually (1600 kg P), which is spread within the farm watershed according to that can be used to evaluate P loading to overland flow (National Phosphorus Research Project, 2001; Sharpley et al., 2000) . The Whole Farm Planning recommendations (Bishop et al., 2003) .
The climate of the study area is humid continental, with an device employs a single TeeJet 1/2HH-SS50WSQ nozzle (Spraying Systems, Wheaton, IL) at a 3-m height, with a nozzle presaverage temperature of 8ЊC. Average annual precipitation for the region is 1120 mm yr Ϫ1 , with approximately one-third fallsure of 28 kPa to deliver even rainfall with a median volumet- ric drop diameter of 1.9 mm, a near-terminal velocity, and a every 5 min, from t ϭ 0 to 30 min, from the first plot (A or B) to initiate overland flow. To reduce sample processing costs, mean kinetic energy 87% of natural rainfall (Humphry et al., 2002) . The resulting rainfall intensity (38 mm per 30 min) a 200-mL water sample was collected from the second plot only at t ϭ 30 min. Previous National Phosphorus Project rain approximates a 5-to 10-yr storm frequency. A tarp surrounding the system minimized disruption from wind.
simulation results indicate that concentrations of P and TSS in overland flow usually stabilize within the first 20 min of After the sites were established, simulated rainfall was initiated and time to first observed overland flow was recorded rainfall, and the samples collected at t ϭ 30 min (A30, B30) are therefore thought to represent equilibrium flow conditions for each plot (A and B at each sampling site). Once overland flow was observed entering the collection gutter, 5-min flow (P. Kleinman, personal communication) . Following the first day's data collection, plots were left for 18 to 24 h to drain to volumes (mL) for each plot were recorded by weight, for a total of 30-min, after which rainfall ceased. After weighing, overland field capacity, after which the rain application and data collection protocol was repeated on the second day. Runoff concenflow was combined, producing a 30-min flow-weighted composite sample for each plot. Samples (200 mL) were collected tration results for the composite and equilibrium flow samples are presented in Tables 2 through 5, while results presented comparison (Tukey's multicomp routine) was used to test for significant differences among plot means when analysis of in the text refer only to composite flow sample data.
Water samples were transported to a nearby laboratory and variance (aov routine) indicated overall differences among plot means, for either 30-min flow-weighted composite samprepared for analysis. Total phosphorus (TP) samples were acidified and refrigerated, and subsequently processed at the ples or equilibrium flow samples. General linear models (glm routine) were used to predict overland flow P hibited much shorter times to overland flow (5-18 min) Volumetric moisture contents of plot soils were determined than the remaining sites (27-96 min). On the second day from 44-cm 3 soil cores (2-to 6-cm sampling depth, two to four of rainfall simulation antecedent soil moisture condicores per plot) collected immediately before each simulated tions approximated field capacity at all sites, and time rainfall event, and immediately after cessation of rainfall on the second day. Soil moisture content was determined by weight loss on drying (2 d at 60ЊC). Soil volume was corrected for organic matter content (loss on ignition at 500ЊC) and for gravel content (volume of gravel removed by a 2-mm sieve using an assumed particle density of 2.41 g cm Ϫ3 determined by measurement of weight/volume of gravel removed from samples). Additional soil samples (10 cores per plot, 0-to 15-cm sampling depth, bulked) were collected from each plot at the end of the second day. These samples were dried and sieved (2 mm), and were analyzed for soil test phosphorus (STP) using three methods: (i) Morgan's STP was determined with 1 M NaOAc extractant, buffered to pH 4.8 (Lathwell and Peech, 1965) ; (ii) total STP was determined by modified semimicro Kjeldahl digestion (Bremner, 1996) ; and (iii) watersoluble STP was measured by shaking 0.5 g of soil in 5 mL of distilled water for 1 h (soil to solution ϭ 1:10), filtering the supernatant through a Whatman #1 paper filter, and determin- tical package (Insightful Corporation, 2001 ). Tukey's multiple to overland flow generation was correspondingly more uniform, ranging from 4 to 23 min (Table 2) . These results support a commonly held viewpoint that overland flow generation from temperate upland soils is largely controlled by mechanisms of saturation excess (Walter et al., 2003) , and that soils with higher initial moisture contents are quicker to produce overland flow. In fact, time to runoff was correlated (R 2 ϭ 71%) with unsaturated pore volume (Hively, 2004) .
Soil porosity was fairly consistent among the field sites (52-65%), but was significantly higher at SHP (74%) and HYD (89%), where soil organic matter contents were high and bulk densities were low (Table 2) . Firstday volumetric soil moisture content ranged higher at the SMZ, SHP, HYD, and FOR sites (0.33, 0.64, 0.66, and 0.55 cm 3 H 2 O cm Ϫ3 soil) than at the four field sites (0.25-0.35), and was lowest (0.17) at the compacted heifer pathway (PTH). This corresponded to an average percent saturation of 64, 98, 74, and 83% for the SMZ, SHP, HYD, and FOR and sites, respectively; 38 to 57% for the field sites; and 31% for PTH. On the second day percent saturation of pore space ranged from 56 to 100% (Table 2 ). The four sites with the shortest times to runoff on Day 1 (SMZ, SHP, HYD, and PTH) showed little difference in time to runoff between Day 1 and Day 2, indicating, perhaps, that they were already near field capacity when the experiment began (SMZ, SHP due to ground water seepage; HYD due to the presence of cows), or had shallow, compacted soils with infiltration excess runoff production (PTH).
Under dry conditions typical of the summer months, sampled agricultural field areas (GRS, HAY) and for- cow paths, and other compacted areas, as typified by the heifer cow path (PTH; overland flow generated within 8 flow rate exhibited by SHP was likely due to a high soil min of rainfall). Additionally, sites that retain high soil water table, and the low flow rates exhibited by FOR moisture throughout the summer, such as spring areas and PAS were likely attributable to high infiltration (SMZ, SHP; overland flow generated within 13 min of rates associated with well-structured soils (FOR) and rainfall), will also generate overland flow during the short, the abundant presence of burrowing earthworms (PAS). intense precipitation events typical of the dry summer months. Because the heifer barnyard site was sampled
Soil Test Phosphorus
on a different date than the remaining sites, it was unclear whether the high initial moisture content and quick Morgan's STP values (Jokela et al., 1998 ) generally overland flow generation observed at this site (HYD; score in the low range (Ͻ2 mg kg Ϫ1 ) for forested, nonmaoverland flow generated within 18 min of rainfall) was nured areas; in the moderate range (2-4 mg kg
Ϫ1
) for due to urine deposits onto packed manure or to previextensively cropped, upper watershed fields; in the optious rainfall, although the nature of the site seemed to mum to high range (4-20 mg kg Ϫ1 ) for intensively indicate that summertime overland flow generation was cropped, lower watershed fields; and in the excessively likely (Hively, 2004) .
high range (Ͼ20 mg kg Ϫ1 ) for barnyards. These values On both days, once overland flow was observed, flow reflect differences in cropping intensity, historical rates rates generally increased for 10 to 25 min at all sites of manure application, frequency of cow traffic, and until an equilibrium flow state was achieved. Data from distance from the barn. the SHP and HAY sites are provided to illustrate this pat-A similar pattern of STP was observed among the tern (Fig. 3) . Equilibrium flow rate, defined as the flow rainfall simulation sites: the forest (FOR, 1.3 and 1.6 mg rate 30 min after first observed overland flow, ranged kg Ϫ1 [Plots A and B, respectively]), the extensively grazed from 0.2 to 3.1 cm per 30 min, with most sites falling pasture (PAS, 2.6 and 3.1 mg kg Ϫ1 ) and the spring area within extensively grazed pasture (SHP, 3.9 and 4.4 mg between 1.1 and 2.2 cm per 30 min ( Table 2 ). The high ) exhibited Morgan's STP in the low to moderate spring site (SMZ) along with the extensively grazed range (Table 3) , while the recently grazed intensive paspasture (PAS) and the cow path (PTH) produced overture (GRS, 9.7 and 14.8 mg kg (Table 3) . (Fig. 4) is consistent with relationships found for similar soils by Jokela et al. (1998) and Kleinman (1999) .
Total Dissolved Phosphorus in Overland Flow
Water Table 1 for site code descriptions. ‡ % PP ϭ 100 ϫ (TP Ϫ DP)/(TP) ϭ percent of total P load delivered as particulate P. § Letters indicate significantly different treatment means, as determined by Tukey's multiple comparison, ␣ ϭ 5%. 
TDP and either Morgan
Concentrations of TDP in overland flow from the seven sites that had not received recent manure deposits showed little variation over the 30 min of sampling, and TDP concentrations were similar on both days of rainfall application. Data from the GRN site are provided as an example (Fig. 5) . In contrast, the two sites with fresh manure (GRS, HYD) demonstrated elevated concen- 
Phosphorus in Overland flow
Average composite TSS concentrations were highest
Site by Site Comparison and Analysis
), and HYD Three sites (GRN, HAY, and GRS) were representa-(375 mg L Ϫ1 ) sites (Table 4) . Concentrations of TSS from tive of mid-slope soils that are comparatively producthe remaining sites were comparatively low, ranging from tive, have a history of manure and lime application, 16 to 137 mg L Ϫ1 . As was expected, the lowest TSS conand are subject to intensive agricultural management. centrations were observed in overland flow from plots Accordingly, STP values at these sites were comparawith high ground cover ( Table 1 ). All sites, on both days, tively high (9.7-24.3 mg kg Ϫ1 Morgan's STP), reflecting exhibited initially elevated TSS concentrations during the history of manure application. Concentrations of the first 10 min of overland flow. Data from the PTH TDP in overland flow (0.37-0.64 mg L
Ϫ1
) were also and HAY sites are provided as an example (Fig. 6) .
high, exceeded only by the concentrations observed at the The TSS concentrations were generally similar on both heifer barnyard site. A comparison of recently grazed consecutive days of rainfall simulation.
pasture (GRS) and pasture regrowth (GRN) showed the Particulate phosphorus (PP ϭ TP Ϫ TDP) ranged effect of intensive grazing on P concentrations in overland from 0.13 mg L Ϫ1 (PAS) to 1.57 mg L Ϫ1 (HYD) among flow. Both sites had similar ground cover (100%) and the sites (Table 4) . Particulate P made up a large percentvegetation (improved pasture grasses), but GRS had age (93, 94%) of the TP load on the sites with lowest TP been recently grazed (35 cows ha Ϫ1 for 4 wk), and sevconcentrations (SHP, FOR). Sites with high sediment deeral-day-old manure was present on 2.8% of Plot A and livery rates and moderate TDP (SMZ, PTH) delivered 0.8% of Plot B. The GRN site, in contrast, had not yet 82% of TP as PP. The HYD site, with high TSS and exbeen grazed in 2001. Although Morgan's STP was lower cessively high TDP, delivered only 12% of TP as PP, at GRS (9.7 and 14.8 mg kg Ϫ1 ), the GRS site yielded higher TDP concentrations in overland flow (0.64 mg while the remaining field sites ranged from 33 to 50%. from the site, and 23 mg kg Ϫ1 in each of three transects taken within the surrounding cornfield (Hively, 2004) . Concentrations of TDP in overland flow (0.11 mg L Ϫ1 ) were correspondingly lower than might be expected from the cornfield as a whole. Observed concentrations of TSS (615 mg L Ϫ1 ) in flow from the SMZ site were high, indicating that the exposed, plowed soil remained susceptible to erosion. Results from the SMZ rainfall simulation site suggest that flow from hydrologically active areas within plowed, manured fields may leach P from the soil in the winter and spring months, leading to reduced concentrations of TDP in overland flow from the seep areas in the summer and early fall.
The SHP site, located in a hillside spring area, was rutted with hoof prints from grazing heifers and, although the heifer grazing was not intensive, some manure was likely deposited in the area. The observed overland flow concentration of TDP was quite low (0.02 mg L Ϫ1 ), indicating that the extensively grazed hillside hydrologic source area was not a significant source of P. Leaching of available P by springtime overland flow at the SHP site is perhaps indicated by a comparison with the extensively grazed pasture site (PAS), where higher concentrations of TDP in overland flow were observed (0.11 mg L Ϫ1 ), despite lower associated values for Morgan's STP (2.6, 3.1 mg kg
). However, because the STP values observed at the SHP sampling site (3.9-4.4 mg kg
) were similar to the STP of soil samples collected in the surrounding area (3.1 mg kg Ϫ1 ), the low observed concentrations of TDP in overland flow may simply be the result of minimal manure deposition in the area.
The HYD site, located in a barnyard area frequented by standing heifers, was clearly a concentrated source concentrations observed at any other rainfall simulation were collected from both plots.
site. Concentrations of TSS (375 mg L Ϫ1 ) were also high, most likely due to the low ground cover (10%), and L Ϫ1 ) than did GRN (0.37 mg L Ϫ1 ) or any other field eroded sediment was substantially enriched in P. site. Further research into the effect of grazing on TDP The PTH site, located on a compacted cow path leadconcentrations in overland flow may be warranted.
ing up from a stream crossing, produced moderate conThe PAS site, located in an extensively grazed, uppercentrations of TDP in overland flow (0.18 mg L Ϫ1 TDP). hillside pasture, was not a significant source of TSS On the first day of simulated rainfall the PTH site pro-(16 mg L Ϫ1 ), and was only a moderate source of TDP duced 0.20 to 0.25 mg L Ϫ1 TDP during equilibrium flow, (0.12 mg L Ϫ1 ). Manure deposition from extensive grazwhereas on the second day it produced only 0.1 mg L Ϫ1 ing had evidently not led to substantial accumulation TDP. Evidently there was a washout effect on the first of STP (2.6-3.1 mg kg
). The high infiltration rate exday, as rainfall effectively removed available P from hibited by the PAS site was attributed to a loose soil the cow path surface. Soil test P (4.6 and 8.8 mg kg Ϫ1 structure and evident earthworm activity. Morgan's STP) was lower than might have been exThe SMZ site, located in an area of concentrated flow pected from the frequent cow traffic. Perhaps little mafrom a hillside spring, was not representative of the surnure is deposited at this location because the steepness rounding cornfield, in that maize had failed to establish of the path prevents the cows from idling. Erosion from in the seep area and it was apparent that considerable the PTH site was quite high (540 mg L Ϫ1 TSS), due to springtime overland flow had occurred. Although fall the steep slope (15%), minimal ground cover (50%), manure application and tillage were uniform across the and frequent traffic. The cow path exhibited an elevated field, overland flow during the winter and spring had loss of sediment during the first 10 min of flow (Fig. 6 ). evidently leached available soil P from the SMZ samThis result might be expected, given the impermeable pling area. Soil tests revealed Morgan's STP of 8 mg kg Ϫ1 nature of the PTH site and the fact that its soil surface is likely to be loosened by moving cows. at the SMZ site, 16 mg kg Ϫ1 in the flow path leading away avoid manure spreading in hydrologically active areas. Frequently saturated spring areas within agricultural † Refer to Table 1 for site code descriptions.
fields exhibited low to moderate Morgan's STP (3.9- ‡ Plot area was 1.95 m 2 .
8.6 mg kg Ϫ1 ) and lower than expected concentrations of TDP in overland flow (0.02-0.11 mg L Ϫ1 ), indicating a The forested site (FOR) had no history of manure substantial loss of P inputs before the dry summer application and exhibited low STP (1.3-1.6 mg kg Ϫ1 ).
period. Elevated concentrations of TDP (0.64 mg L Ϫ1 ) Concentrations of TDP in overland flow from the forwere observed in runoff from a recently grazed pasture, ested site were also low (0.005-0.011 mg L Ϫ1 , 0.007 mg in comparison with pasture regrowth (0.37 mg L Ϫ1 ), indi-L Ϫ1 average), supporting the hypothesis that clean water cating a temporal effect of intensive grazing on P loss. from the forested landscape will dilute higher P concenRainfall simulation can provide estimates of P concentrations from other landscape areas. Maintenance of fortrations in overland flow from various landscape comested land is therefore an important positive factor in ponents, for use in hydrological modeling of P transport. whole-farm management of water quality. Similar TDP Although this study focused on one farm and sites were concentrations were observed during extensive streamnot replicated within each land use type, the results were water monitoring at a nearby nonfarm watershed (0.011 intuitively consistent with observations made on other mg L Ϫ1 average; Bishop et al., 2003) . farms within the New York City watershed and similar Total sediment and P loads delivered during the first implications might be drawn for farms throughout the 25 min of simulated rainfall on the first day (dry condi-U.S. Northeast, wherever sloping watersheds and shaltions) on are shown in Table 5 . Since overland flow did low soils promote variable source area hydrology as a not occur within 25 min at any of the field locations, redominant P loading process. The P concentrations obsultant load values are zero; all loads originated from served in this study are likely to vary temporally and nonfield areas. Of the nonfield areas, the seep areas spatially, and should not be extrapolated to geomorphic yielded sediment, but P loads were minimal, probably settings other than temperate upland watersheds in the because P had been leached during springtime runoff Catskills region of New York. Nonfield areas, however, production. During short, intense summer rainfall events, are an important component of all agricultural landmost P loading appears to originate with flow generated scapes, and their hydrological and P-loading potential from impervious areas receiving manure, such as the should be explicitly considered in any model of waterbarnyard and cow path sampling sites.
shed nutrient transport. Results of this study concur with the program of Whole Farm Planning and best manage-
Implications for Management ment practice implementation that is promoted in the and Watershed Modeling
New York City watershed: minimize overland flow from Average concentrations of TDP and PP observed at barnyard areas, avoid spreading manure on hydrologia stream water monitoring station located at the outlet cally active areas, implement agronomic techniques for of the farm watershed (Bishop et al., 2003) are three to erosion control, and maintain forested areas within the four times higher during summer periods than during landscape. the winter and springtime. Results of simulated rainfall application suggest that P loading during high-intensity,
